Serine-arginine (SR) proteins are essential splicing factors containing a canonical RNA recognition motif (RRM), sometimes followed by a pseudo-RRM, and a C-terminal arginine/ serine-rich (RS) domain that undergoes multisite phosphorylation. Phosphorylation regulates the localization and activity of SR proteins, and thus may provide insight into their differential biological roles. The phosphorylation mechanism of the prototypic SRSF1 by serine-arginine protein kinase 1 (SRPK1) has been well-studied, but little is known about the phosphorylation of other SR protein members. In the present study, interaction and kinetic assays unveiled how SRSF1 and the single RRMcontaining SRSF3 are phosphorylated by SRPK2, another member of the SRPK family. We showed that a conserved SRPKspecific substrate-docking groove in SRPK2 impacts the binding and phosphorylation of both SR proteins, and the localization of SRSF3. We identified a nonconserved residue within the groove that affects the kinase processivity. We demonstrated that, in contrast to SRSF1, for which SRPK-mediated phosphorylation is confined to the N-terminal region of the RS domain, SRSF3 phosphorylation sites are spread throughout its entire RS domain in vitro. Despite this, SRSF3 appears to be hypophosphorylated in cells at steady state. Our results suggest that the absence of a pseudo-RRM renders the single RRM-containing SRSF3 more susceptible to dephosphorylation by phosphatase. These findings suggest that the single RRM-and two RRMcontaining SR proteins represent two subclasses of phosphoproteins in which phosphorylation statuses are maintained by unique mechanisms, and pose new directions to explore the distinct roles of SR proteins in vivo.
Serine-arginine (SR) proteins are essential splicing factors containing a canonical RNA recognition motif (RRM), sometimes followed by a pseudo-RRM, and a C-terminal arginine/ serine-rich (RS) domain that undergoes multisite phosphorylation. Phosphorylation regulates the localization and activity of SR proteins, and thus may provide insight into their differential biological roles. The phosphorylation mechanism of the prototypic SRSF1 by serine-arginine protein kinase 1 (SRPK1) has been well-studied, but little is known about the phosphorylation of other SR protein members. In the present study, interaction and kinetic assays unveiled how SRSF1 and the single RRMcontaining SRSF3 are phosphorylated by SRPK2, another member of the SRPK family. We showed that a conserved SRPKspecific substrate-docking groove in SRPK2 impacts the binding and phosphorylation of both SR proteins, and the localization of SRSF3. We identified a nonconserved residue within the groove that affects the kinase processivity. We demonstrated that, in contrast to SRSF1, for which SRPK-mediated phosphorylation is confined to the N-terminal region of the RS domain, SRSF3 phosphorylation sites are spread throughout its entire RS domain in vitro. Despite this, SRSF3 appears to be hypophosphorylated in cells at steady state. Our results suggest that the absence of a pseudo-RRM renders the single RRM-containing SRSF3 more susceptible to dephosphorylation by phosphatase. These findings suggest that the single RRM-and two RRMcontaining SR proteins represent two subclasses of phosphoproteins in which phosphorylation statuses are maintained by unique mechanisms, and pose new directions to explore the distinct roles of SR proteins in vivo.
Serine-arginine (SR) 4 proteins are a family of functionally and structurally related splicing factors that are essential for both constitutive and alternative splicing (1) . They are so named because of the presence of arginine-serine (RS) dipeptide stretches at their C-terminal regions. SR proteins also contain at least one N-terminal RNA recognition motif (RRM) (e.g. SRSF2 and SRSF3), sometimes followed by a more degenerated pseudo-RRM (e.g. SRSF1 and SRSF6) (2) . These essential splicing factors can bind RNA directly, and their arginine/serinerich (RS) and RRM domains act to promote protein-protein and protein-RNA interactions, facilitating the recruitment and assembly of the spliceosome (3) . After the splicing of pre-mRNA, SR proteins continue to participate in various downstream events, including nonsense-mediated RNA decay, mRNA export, and translation (4 -6) . In addition to their important roles in mRNA processing, SR proteins serve as a link between transcription and splicing (7) .
SR proteins localize in the nucleus at the steady state, but some members, such as SRSF1, SRSF3, and SRSF7, can shuttle between the nucleus and cytoplasm (8) . Phosphorylation of the RS domain is important for the nuclear import of these proteins via interaction with SR-specific transportin proteins (9, 10) . Further phosphorylation facilitates the recruitment of SR proteins from the nuclear speckles to nascent RNA during splicing (11) . Although phosphorylation of SR proteins is required for spliceosome assembly, partial dephosphorylation of SR proteins is also critical for splicing catalysis, suggesting that SR proteins modulate splicing by undergoing dynamic cycles of phosphorylation and dephosphorylation (12, 13) . The precise biochemical mechanism of how differential phosphorylation of the prototypic SR protein SRSF1 promotes early splicing assembly has been revealed. Cho et al. (14) showed that SR protein kinases (SRPK)-mediated phosphorylation of the N-terminal region of the SRSF1 RS domain enhances its binding to specific splicing enhancers on target RNA. Further phosphorylation of the C-terminal RS domain exposes the RRMs on SRSF1 for the binding of U1snRNP-70K protein, facilitating the formation of the ternary complex required for the recruitment of U1snRNP to the 5Ј splice site (14) . Besides splicing, hypophosphorylated, but not hyperphosphorylated, SR proteins regulate the export of mature mRNA and translation, which further underscores the significance of the differential phosphorylation of SR proteins in RNA metabolism (15, 16) .
The RS domain of SR proteins is predominantly phosphorylated by two families of protein kinases, namely the SRPKs and Cdc2-like kinases (CLKs), although other kinases, such as Akt and DNA topoisomerase, have been implicated in this process (17) . SRPKs are constitutively active kinases located in both the cytoplasm and nucleus. They are unusual members of the protein kinase superfamily in that a spacer insert of various lengths bifurcates their kinase domains. Although the spacer is not required for in vitro kinase activity, it plays a critical role in the subcellular localization of SRPKs (18) . In the past decade, significant progress has been made in understanding the phosphorylation mechanism of SRSF1 by SRPK1; however, few mechanistic insights into the interaction and phosphorylation of different SR proteins by other SRPKs have been achieved (19) . Previously, we investigated the roles of the nonkinase regions and a conserved docking groove of SRPK2, which is highly related to SRPK1, in the recognition and phosphorylation of two different classes of substrate, namely SR protein SRSF1 and SR-like protein acinusS (20) . Our findings suggest that the electronegative docking groove in SRPK2, but not its nonkinase regions, is responsible for substrate binding regardless of their identities. Whereas SRPK2 phosphorylates SRSF1, a prototypic SR protein, in a processive manner similar to SRPK1, an electronegative region N-terminal to the phosphorylation site of acinusS restricts SRPK2-mediated phosphorylation to a single specific site despite the presence of multiple RS dipeptides. These results suggest that the phosphorylation mechanisms of different substrates are vastly different despite SRPK2 utilizing the same docking groove for regulation. Moreover, site-specific phosphorylation of RS dipeptides appears to critically regulate the functions of the SR substrates.
All pseudo-RRMs of SR proteins contain a phylogenetically conserved SWQDLKD motif that has been implicated in the interaction with RNA (21) . The crystal structure of SRPK1 in complex with SRSF1 reveals that the SWQDLKD motif also directly interacts with the small lobe of the kinase (22) . Furthermore, the pseudo-RRM of SRSF1 directly contacts the N-terminal region of the RS domain to regulate the directionality of phosphorylation (23). These findings imply that the subclass of SR proteins containing two RRMs may function and be regulated in a very different manner from their single RRMcontaining counterparts. In fact, Cáceres et al. (24) has demonstrated that the RS domain is essential for the proper localization of single RRM-containing SR proteins like SRSF2 and SRSF3, but not the two RRM-containing proteins like SRSF1, to the nuclear speckles, further stressing the importance of studying the RS domain function in the single RRMcontaining subclass (24) .
SRSF3 contains a single canonical RRM and plays critical roles in many cellular processes. It interacts with RNA cis-elements in a concentration-dependent manner and regulates the alternative splicing of a number of genes, including its own (25) (26) (27) (28) (29) (30) . In addition to splicing, SRSF3 has also been implicated in pre-mRNA processing, mRNA export, chromatin binding, protein translation, insulin signaling, and a cohort of human diseases (31) (32) (33) (34) (35) (36) . Although the phosphorylation status of SRSF3 plays an important role in its function in these processes, few efforts have been made to understand its phosphorylation mechanism (25, 31, 34, 37) . In this study, we investigated how the docking grooves of SRPK1 and SRPK2 determine the processivity of their phosphorylation mechanisms. We also studied how SRPK2 binds and regulates the phosphorylation of SRSF1 and SRSF3. Whereas SRSF3 could be extensively phosphorylated by SRPK2 in vitro, it remains hypophosphorylated in cells, suggesting that its phosphorylation status at steady state may be maintained by a coordination of SRPKs and cellular phosphatases inside the cells. Furthermore, we showed the docking groove of SRPK2 is important for the subnuclear localization of SRSF3, suggesting that SRPK2-mediated interaction/phosphorylation of SRSF3 might play a regulatory role in its function inside the nucleus.
Results

SRSF1 phosphorylation by SRPK2 occurs in a less processive manner
One hallmark of SRPK1 is its ability to phosphorylate the substrate SRSF1 at multiple sites using a highly efficient and sequential mechanism (22) . This reaction happens in a regiospecific manner such that, despite SRSF1 containing ϳ20 potential sites for phosphorylation, only the N-terminal RS domain (residues 198 -226) that contains 14 phosphorylatable serines is phosphorylated (Fig. 1A) (38) . To test whether SRPK2 also phosphorylates SRSF1 at the N-terminal half of the RS domain, we deleted residues 227-248 of SRSF1 and compared its phosphorylation content with that of the full-length substrate. Scintillation counting shows that the deletion did not affect the number of phosphorylation sites (14.4 Ϯ 0.3 sites for SRSF1 and 14.1 Ϯ 0.4 sites for SRSF1⌬RS2; Fig. 1B) , suggesting that SRPK2, like SRPK1, preferentially phosphorylates SRSF1 at its N-terminal RS domain. We have previously demonstrated that SRPK2 is able to phosphorylate SRSF1 in a processive manner (20) . To examine whether the phosphorylation mechanism of SRPK2 is similar to that of SRPK1, we performed start-trap assays as described previously to compare the reactions carried out by the two kinases (39) . In brief, if the reaction is distributive, the excess trap (kinase-dead mutant of the respective SRPK) traps the substrate and inhibits the reaction because the WT kinase dissociates from the substrate after each phosphorylation event. Alternatively, if phosphorylation occurs in a processive manner, the kinase-substrate pair will not dissociate before completion of the phosphorylation event, and the presence of excess trap therefore does not affect the reaction. In the absence of the trap, both kinases phosphorylated SRSF1 at ϳ12 sites. However, when traps were added, SRSF1 was phosphorylated at a lower number of sites by SRPK2 (5.2 Ϯ 0.4 sites) when compared with SRPK1 (7.5 Ϯ 0.5 sites) (Fig. 1, C and D) .
His-601 at SRPK2 docking groove lowers its processivity
To understand the molecular basis of the lower processivity observed in SRPK2, we aligned and compared the amino acid sequences of the docking grooves of SRPK2 and SRPK1 ( Fig.  2A) . Although the residues within the docking groove are highly conserved between the two kinases, Leu-568 of SRPK1,
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which is located at the center of the ␣G helix inside the docking groove, is replaced by His-601 in SRPK2 (Fig. 2B) . Histidine contains an imidazole group with a pK a of 6.04 and could be protonated at pH Ͻ6 or when it is surrounded by proton donors (i.e. acidic side chains in the docking groove). Thus, we hypothesized that His-601 of SRPK2, which replaces a hydrophobic leucine residue at the corresponding position in SRPK1, may alter the electrostatic potential of the SRPK2 docking groove and result in lower processivity. To test our hypothesis, we mutated His-601 to leucine and performed start-trap assays to compare the phosphorylation activity of the mutant with that of the WT kinase. Our results showed that SRPK2(H601L) mutant increased the number of phosphorylation sites on SRSF1 to 7.8 Ϯ 0.5 in the presence of traps, indicating that His-601 plays an important role governing the kinase processivity ( Fig. 2C and Fig. S1 ).
SRSF3 binds to a conserved docking groove of SRPK
The phosphorylation mechanism of SRSF1, a member of the two-RRM subclass, has been studied extensively, but little is known about the phosphorylation of SR proteins containing only one RRM like SRSF3. We therefore studied the mechanism of interaction and phosphorylation of SRSF3 by SRPK2 to see whether the two subclasses are regulated differently. We first determined the K d of the interaction of SRPK2 with SRSF3 to be 74.5 Ϯ 23.3 nM by microscale thermophoresis (MST) (Fig. 3A) . This is comparable with the binding affinity of SRSF1 with SRPK2, suggesting that SRPKs may bind both subclasses of SR proteins with high affinity (20) . We next investigated how SRPK2 recognizes SRSF3 by performing pulldown assays with different truncation constructs of SRPK2, where the nonconserved N-terminal and spacer regions were removed individually or in combination. We first confirmed that GSH resin alone or GST protein bound to the resin did not bind any SRPK constructs (Fig. S2) . Similar to previous studies on SRSF1 with SRPK1 or SRPK2, the nonkinase regions of SRPK2 were dispensable for the interaction between the kinase and SRSF3 under the condition of the pulldown assay (Fig. 3B) . Instead, a conserved docking groove, which has been shown to be important for the interaction of SRSF1 and the SR-like protein acinusS, was critical for SRSF3 binding (20) . To further study how the different truncations and mutation might have affected the binding affinity of SRPKs and SRSF3, we determined the K d of the different constructs with SRSF3 using MST ( Fig. 3B and Fig.  S3 ). Our results revealed that whereas the truncation of the N-terminal region did not significantly affect the binding affinity between SRPK2 and SRSF3, the deletion of the spacer region or the combination of both N-terminal and spacer regions reduced the binding affinity to 180 Ϯ 63.1 and 350 Ϯ 72.6 nM, 
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respectively, indicating that both regions, despite not being essential, play a role in the kinase-substrate interaction. Nevertheless, the results confirmed the critical role of the docking groove of SRPK2 in SRSF3 binding. Furthermore, the docking groove was shown to be important for the rapid phosphorylation of SRSF3 in vitro using single-turnover analysis (Fig. 3C) . The number of phosphorylation sites on SRSF3 was reduced from 9.5 Ϯ 0.5 to 4.1 Ϯ 0.2 after the docking groove was mutated.
N-terminal RS domain of SRSF3 is required for binding SRPK and its phosphorylation spans the entire RS domain
We next tried to identify the structural determinant(s) of SRSF3 that is important for its interaction with the kinase. Our earlier studies have revealed that the RS domain or argininerich region of the substrate binds directly to the docking groove of SRPK. To test whether this is the case for SRSF3 and to identify which region of the RS domain is important for the interaction, we generated different C-terminally truncated mutants of SRSF3 and tested their abilities to bind SRPK2 using pulldown assays (Fig. 4A) . Our results show that neither the free GST nor RRM alone interacts with SRPK2. However, the construct that contains the RS domain up to aa 105 could weakly interact with SRPK2, whereas the interaction was nearly fully recovered when residues up to aa 118 were retained (Fig. 4B) .
The RS domain of SRSF3 contains 18 serines that are present in the context of either RS or SR dipeptides, which may potentially be phosphorylated by SRPK2 (Fig. 4A) . We next tested which regions of this RS domain are phosphorylated by SRPK2 by performing in vitro kinase assays using the different SRSF3 truncation mutants under single-turnover conditions with excess kinase (1.5 M kinase versus 500 nM substrate). In particular, the construct SRSF3 (1-137), which contains an extra phosphorylatable site at Ser-130 when compared with SRSF3(1-128), was specifically designed to test whether the kinase distinguishes between SR and RS dipeptides during phosphorylation. The results indicate that SRSF3 was phosphorylated at ϳ11-12 sites, which were located C-terminal to residue 105 and spanned the rest of the RS domain (Fig. 4C) . The observation that SRSF3(1-137) was phosphorylated at one additional site when compared with SRSF3(1-128) suggests that SRPK2 phosphorylates serine in the context of either SR or RS dipeptide.
SRSF3 is processively phosphorylated by SRPK2
To investigate whether SRSR3, like SRSF1, can be phosphorylated by SRPK2 processively, we performed a start-trap kinase assay using 1 M SRPK2, 300 nM substrate, and a 40-fold excess SRPK2KD as trap. Our results show that SRPK2 phosphorylated SRSF3 at 10.2 Ϯ 0.6 sites at 5 min in the absence of trap in contrast to 4.6 Ϯ 0.5 sites in the presence of it, suggesting that only a few RS dipeptides in SRSF3 are modified processively (Fig. 5A ). We further tested whether the sites being processively phosphorylated were located at the N-terminal or C-terminal region of the RS domain by performing the start-trap kinase assay using SRSF3(1-146) and SRSF3(1-128) constructs (Fig. 5 , B and C). We observed that although SRSF3(1-146) was phosphorylated at 3.1 Ϯ 0.3 sites in the presence of the traps, SRSF3(1-128) could not be phosphorylated at multiple sites in the start-trap assay. This suggests that either the processively phosphorylated sites are located C-terminal to residues 128, or this region plays a regulatory role in the processive phosphorylation mechanism.
We next repeated the start-trap assay using SRPK2DM to test the role of its docking groove in the processive phosphorylation of SRSF3. As speculated, mutation of the critical docking groove residues in SRPK2 completely abolished its processivity on SRSF3 (Fig. 5D ).
SRPK2 phosphorylates SRSF3 in a C-to-N direction
Previously, Ma et al. (40) used an ATP-dependent phosphorylation mapping strategy to demonstrate that SRSF1 phosphorylation by SRPK1 occurs in a C-to-N direction. We applied a similar strategy to investigate the mode of phosphorylation of SRSF1 by SRPK2. In this method, several lysine residues on SRSF1 were mutated to arginines to remove the cut sites of the endoproteinase Lys-C, followed by the reintroduction of a single lysine at position 214 of the RS domain (mutant R214K). Liquid scintillation counting was used to confirm that the mutant protein phosphorylated by SRPK2 in the presence of radiolabeled ATP was phosphorylated to the same extent as its 
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WT counterpart (data not shown), suggesting that the mutation did not alter the phosphorylation mechanisms. A limited (0.5 M) or excess (100 M) amount of [ 32 P]ATP was then added to reactions containing the mutant substrate and SRPK2 and allowed to react under single-turnover conditions until the reactions reach an end point (SRPK2 Ͼ substrate; 15 min). Scintillation counting confirmed that SRSF1 could be phosphorylated at nearly two sites at low ATP concentration and about 14 sites at high ATP concentration, as expected (Fig.  S4A ). Lys-C was then added to cleave the phosphorylated products to generate N-and C-terminal fragments with different amounts of radiolabeled phosphorylation sites, enabling the detection of their ratio at different ATP concentrations. We demonstrated that at a low ATP concentration of 0.5 M, the stronger band corresponds to the C-terminal fragment of the RS domain (N/C ratio ϭ 0.2) (Fig. 6A and Fig. S4C ). However, the presence of the phosphorylated N-terminal half of RS domain was surprising, as there should be no more than two phosphorylation sites on each substrate. We speculate that this could be due to the lower processivity observed in SRPK2, which might have allowed it to phosphorylate the substrate in a less orderly manner; alternatively, the initiation site of the processive phosphorylation mechanism of SRPK2 might be closer to the cleavage site than we anticipated, allowing the N-terminal halves of some substrates to be phosphorylated before ATP was depleted. Nonetheless, at 100 M ATP, the relative ratio of 32 P incorporation into the N-and C-terminal fragments increased to 0.7 ( Fig. 6A and Fig. S4C ), a value close to the anticipated ratio of 1 based on the position of R214K within the RS1 domain. This suggests that the phosphorylation of SRSF1 by SRPK2 prefers C-terminal initiation to N-terminal initiation when ATP is limited, which is consistent with the observation for SRPK1.
Because the phosphorylation of SRSF3 spans the entire RS domain and nearly half of the phosphorylation sites are located C-terminal to residue 128, we introduced a lysine-to-arginine mutation at residue 131 to bifurcate the RS domain during Lys-C treatment. Similar to the aforementioned strategy for SRSF1, the SRSF3 mutant was first phosphorylated by SRPK2 in single-turnover reactions at low and high ATP concentrations, which generated substrates that were phosphorylated at about ) . B, domain organizations of SRPK2 and the different constructs were generated to delineate the region responsible for interaction with GST-SRSF3 (top). GST pulldown assay samples were separated by SDS-PAGE followed by Coomassie Blue staining. Deletions of either the N-terminal extension or spacer, or both, did not affect SRSF3 binding, whereas mutations of the docking groove residues abolished the interaction. SRPK1 was included as a positive control. C, in vitro radioactive kinase assays using SRPK2WT (1.5 M) or SRPK2DM (1.5 M) and SRSF3 (500 nM) in the presence of 100 M [ 32 P]ATP. Samples were resolved by SDS-PAGE and visualized by autoradiography. Mutations of the critical docking groove residues reduce the phosphorylation level of SRSF3 from 9.5 Ϯ 0.5 to 4.1 Ϯ 0.2 sites.
2 and 12 sites, respectively, and then followed by a Lys-C cleavage step (Fig. S4, B, D , and E). Like SRSF1, two bands corresponding to the N-terminal and C-terminal fragments of the mutant were observed after Lys-C cleavage, with the C-terminal fragment showing a stronger band. The N/C ratio increases from 0.3 at low ATP concentration to 0.7 at high ATP concentration, which is again approaching our estimated ratio of 1 owing to the location of R131K at the RS domain (both N-and C-terminal halves contain similar numbers of sites according to our results) (Fig. 6B) . This indicates that SRPK2 also prefers to phosphorylate SRSF3 in a C-to-N direction. Taken together, our data provide evidence that despite SRSF3 lacking the pseudo-RRM, it is phosphorylated in the same direction as SRSF1 by SRPK2, and the processively phosphorylated sites are likely located at the C terminus.
SRSF3 is hypophosphorylated at steady state
To investigate the phosphorylation state of cellular SRSF3, we generated new SRSF3 mutant constructs in which all serines C-terminal to residue 85 (SRSF3(85SA)), 118 (SRSF3(118SA)), or 128 (SRSF3(128SA)) were mutated to alanines. These mutant proteins and SRSF3WT, as well as SRSF1 as a control, 18 potentially phosphorylatable serines that are present in the context of either RS or SR dipeptides are denoted in gray boldface type. B, GST pulldown assay samples were separated by SDS-PAGE and stained by Coomassie Blue. Deletion of the RS domain of GST-tagged SRSF3 completely abolished its interaction with SRPK2 (left). GST-tagged SRSF3(1-105) failed to bind SRPK2 with similar efficiency as other C-terminally truncated constructs, indicating that residues C-terminal to aa 105 are critical for the interaction. Asterisks denote minor impurity bands. C, RS/SR dipeptides C-terminal to aa 105 were phosphorylated by SRPK2. WT or mutant SRSF3 (500 nM) was phosphorylated by SRPK2 (1.5 M) using 100 M [ 32 P]ATP until the end point was reached (15 min). Radiolabeled protein bands corresponding to the phosphorylated SRSF3 constructs were excised and quantified by scintillation counting. Error bars, S.D.
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were transiently overexpressed in HEK293 cells and isolated for mobility comparison by using SDS-PAGE, with or without treatment with SRPK2 or calf intestinal alkaline phosphatase (CIP). In accordance with previous findings, SRSF1 is hypophosphorylated in cells at steady state, as the mobility of the untreated sample is between the dephosphorylated sample and the SRPK2-phosphorylated counterpart (Fig. 7) (11) . We observed that the mobility of SRSF3(85SA) and SRSF3(118SA) was not affected by the treatment with SRPK2 or CIP, which reaffirms that the phosphorylation sites of SRSF3 are located C-terminal to residue 118 (Fig. 7) . In contrast, SRPK2-treated SRSF3WT migrated significantly more slowly than its untreated counterpart, and the mobility of both SRSF3(128SA) and SRSF3WT increased upon CIP treatment. These results suggest that cellular SRSF3, like SRSF1, is hypophosphorylated in its steady state and that the region between residues 118 and 128 is phosphorylated in vivo.
Phosphorylated RS domain of SRSF3 is dephosphorylatable after SRPK2 release
We showed that the entire stretch of the SRSF3 RS domain could be phosphorylated by SRPK2 in vitro; however, SRSF3 is hypophosphorylated in its steady state. Thus, SRPK-mediated phosphorylation is unlikely to be the sole event that determines the observed phosphoryl content of SRSF3 in vivo. Previous studies by Serrano et al. (23) have demonstrated that the pseudo-RRM in SRSF1 directly contacts the RS domain to regulate its phosphorylation mechanism and phosphoryl content by shielding it from phosphatases. In addition, the canonical RRM of SRSF1 contains a putative phosphatase-binding motif that 
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regulates the interaction and dephosphorylation activity of PP1␥ (41) . Because SRSF3 lacks both interaction due to the absence of a pseudo-RRM and the conserved RVXF PP1-binding sequence, we speculated that the hypophosphorylation state of SRSF3 is the result of increased sensitivity to dephosphorylation by phosphatases. To test this, we monitored how the phosphoryl contents of SRSF1 and SRSF3 are affected in the presence of the protein phosphatase 1 catalytic subunit ␣ (PP1␣), which coexists with both SRSF1 and SRSF3 in the human spliceosomal B complex (42) . We first determined whether PP1␣ is capable of dephosphorylating phosphorylated RS dipeptide by monitoring the phosphorylation of acinusS in the presence of PP1␣. AcinusS was chosen because it is an SRlike protein that contains only one SRPK2-mediated phosphorylation site (20) . Our result showed that PP1␣ could dephosphorylate acinusS despite the absence of its physiological regulators (Fig. S5) . Next we phosphorylated the SR proteins (1 M) by SRPK2 (100 nM) in the absence and presence of excess PP1␣ (300 nM) to test whether both SRSF1 and SRSF3 serve as substrates of the phosphatase. Our results show that the addition of PP1␣ reduced the phosphoryl content of both substrates by about 20% when compared with the control reactions after the phosphorylation levels approached equilibrium, indicating the SR proteins are substrates of PP1␣ (Fig. 8A and Fig. S6 ). Because it has been shown that SRPK-SR protein complexes dissociate slowly compared with the fast forward rate of multisite phosphorylation, SRPK2 might remain bound to the substrates after phosphorylation and interfere with the dephosphorylation reaction. To ensure dissociation of SRPK2 after phosphorylation, we performed the PP1␣ treatment in the presence of excess SRSF1(BD) (400 nM), which would compete with the docking interaction with SRPK2 and dislodge all of the complexes (Fig. 8, B and C) . In this experiment, SRSF1 and SRSF3 were first phosphorylated by SRPK2. Next, unreacted , where serines located C-terminal to aa 85, 118, or 128 were all mutated to alanines, respectively. Lysates were collected 24 h post-transfection and subjected to SRPK2-mediated phosphorylation or CIP-mediated dephosphorylation or left untreated. Samples were separated by a 15% Tris-Tricine SDS-polyacrylamide gel followed by Western blotting with ␣-Myc mAb. The mobility of either Myc-SRSF3(85SA) or Myc-SRSF3(118SA) was similar with or without treatment of SRPK2 or CIP. The mobility of untreated Myc-SRSF1WT, Myc-SRSF3(128SA), or Myc-SRSF3WT is lower than that of the SRPK2-treated sample but higher than that of the CIP-treated sample. The asterisk indicates the presence of a slower-migrating band in the untreated sample of Myc-SRSF3(128SA).
ATP was removed using desalting columns, and the kinase activity was inhibited by the SRPK inhibitor SRPIN340 (100 M), which is potent against the phosphorylation of SRSF1 and SRSF3 by SRPK2 (Fig. S7) (43) . PP1␣ was then added to the samples with or without the presence of SRSF1(BD).
Intriguingly, our results show that, in contrast to Fig. 8A , both SRSF1 and SRSF3 did not undergo dephosphorylation when PP1␣ was added after the phosphorylation by SRPK2 had completed (Fig. 8, B and C) . Only SRSF3 became dephosphorylatable by PP1␣ in the presence of SRSF1(BD) (Fig. 8C) . Together, the data suggest that the RS domain may remain accessible by the phosphatase during reaction turnover but become protected, either via interaction with the kinase or by a stabilized folded structure, after the completion of the reaction (44, 45) . Upon dissociation of SRPK2, SRSF3, but not SRSF1, becomes dephosphorylatable.
Figure 8. Presence of pseudo-RRM affects dephosphorylation.
A, 1 M SRSF1 or SRSF3 was phosphorylated by SRPK2 (100 nM) in the absence or presence of PP1␣ (300 nM). The bar graph shows the phosphorylation levels of SRSF1 and SRSF3 in the presence of both SRPK2 and PP1␣ relative to that of SRPK2 only. Error bars, S.D. from three independent experiments. Data were analyzed by unpaired t test. **, p Ͻ 0.005; *, p Ͻ 0.05. SRSF1 (B) or SRSF3 (C) was first phosphorylated by SRPK2 for 5 min, and then the reaction was quenched by removing the ATP using a desalting column. The phosphorylated SR proteins were next treated with PP1␣ in the absence or presence of SRSF1(BD). The domain organization of SRSF1(BD) is shown in B. Only SRSF3 was dephosphorylated by PP1 under the experimental conditions. D, GST-SRSF1 was first phosphorylated by SRPK2 in the presence of [ 32 P]ATP for 5 min, followed by Lys-C treatment to generate a hypophosphorylated RS domain (p-SRSF1(RS)). A pulldown assay using His-tagged pseudo-RRM of SRSF1(His-SRSF1(pRRM)) as bait was performed. No interaction was detected between radiolabeled p-SRSF1(RS) and His-SRSF1(pRRM).
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Previous studies have shown that neither phosphorylated RS1 nor the unphosphorylated RS2 domain of SRSF1 directly interacts with its pseudo-RRM independently. However, there are reports that the RS domain can adopt a new and stabilized folded structure after SRPK1-mediated phosphorylation (44, 45) . Therefore, we speculated that the phosphorylated sites on SRSF1 were protected by an alternative binding mechanism between its pseudo-RRM and a potentially different structured phospho-RS domain. To test this, SRSF1, which contains a lysine (Lys-193) between its RRMs and the RS domain, was phosphorylated by SRPK2 to ϳ14 sites using [ 32 P]ATP (determined by scintillation counting; data not shown) and treated with Lys-C to generate a hypophosphorylated RS domain (p-SRSF1(RS)). Pulldown assays were then performed to test whether His-tagged pseudo-RRM of SRSF1 (His-SRSF1 (pRRM)) would interact with the hypophosphorylated RS domain (Fig. 8D) . In contrast to our speculation, His-SRSF1(pRRM) failed to bind to the hypophosphorylated RS domain, confirming that the phosphorylated sites of SRSF1 were not protected via stable interaction with its pseudo-RRM.
SRPK2 docking groove is important for the regulation of SRSF3 subnuclear localization
Because the docking groove of SRPK2 plays a critical role in the regulation of interaction and phosphorylation of SRSF3, the docking groove mutant (SRPK2DM) provides a unique tool to investigate the direct role of SRPK2 on SRSF3 function in vivo. It is well-accepted that the subcellular localization of SR proteins is regulated by SRPKs-mediated phosphorylation; we therefore attempted to study the localization of SRSF3 in the presence of SRPK2WT or SRPK2DM. We first transiently transfected HEK293 cells with Myc-tagged SRSF3 along with an empty FLAG-tagged vector to determine the localization of SRSF3 by indirect immunofluorescence. In contrast to previous studies, where overexpressed SR proteins always localized to the nuclear speckles, we observed that SRSF3, although predominantly localized inside the nucleus, was found to concentrate at the nuclear speckles in less than 30% of HEK293 cells. We next examined how SRPK2 affects SRSF3 subcellular localization by repeating the indirect immunofluorescence study in a SRPK2-knockout HEK293 cell line (HEK(K2X)) that was generated by our group using CRISPR-Cas9. 5 Interestingly, we observed a moderate increase in the number of cells that contained speckles, suggesting that SRPK2 may play a role in breaking up SRSF3 from the nuclear speckles (Fig. 9) . To test our hypothesis, we co-transfected the HEK(K2X) cells with Myc-SRSF3 and either FLAG-tagged SRPK2WT or SRPK2DM. In accordance with our speculation, SRPK2-knockout cells reconstituted with the WT kinase showed a significant decrease in the number of speckle-containing cells when compared with the control HEK(K2X) cells co-transfected with Myc-SRSF3 and an empty FLAG-tagged vector. On the contrary, knockout cells reconstituted with SRPK2DM failed to dissociate SRSF3 from the nuclear speckles. Our studies thus implicated the role of the SRPK2 docking groove in the regulation of SRSF3 cellular activity.
Discussion
Members of the SRPK family contain a unique docking groove that is important for the regulation of the binding and phosphorylation of different classes of substrate, including the classical SR protein SRSF1 and SR-like proteins such as Npl3p and acinusS (11, 20, 46) . In this study, we demonstrated that SRPK2 utilizes the same docking groove for the interaction and phosphorylation of both subclasses of SR proteins, namely SR proteins with a single canonical RRM and SR proteins with both a canonical RRM and a pseudo-RRM. Similar to SRPK1, SRPK2 is capable of processively phosphorylating SRSF1 at multiple sites in a C-to-N-terminal direction. However, the number of sites being phosphorylated by SRPK2 before substrate dissociation is lower than that phosphorylated by SRPK1. Mutational 
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studies revealed that the presence of a chargeable histidine residue at the center of the docking groove of SRPK2 provides a plausible explanation for the observed difference. As shown in our previous and current studies, docking groove residues that are critical for the interaction with SR and SR-like substrates are mostly negatively charged, producing a negative electrostatic surface potential within the substrate binding cleft (Fig. S8) . The replacement of a nonpolar leucine residue in SRPK1 with a protonatable histidine in SRPK2 might cause electrostatic repulsion with the arginine-rich RS domain of SR substrates, resulting in a weakened sliding docking interaction and early substrate release. Such a difference in processivity may be more prominent in substrates that contain more negatively charged residues at their docking regions. During a splicing event, this lowered processivity of SRPK2 may result in phosphorylated SR proteins that are functionally distinguishable from those produced by SRPK1 and therefore differentiate their functions in vivo.
SR proteins have wide-ranging roles in the regulation of RNA metabolism. Although different SR proteins can interchangeably restore constitutive splicing in in vitro splicing assays, conditional knockout experiments have shown that individual SR proteins play distinct biological roles. For instance, hepatocytespecific knockout of SRSF3 in mice demonstrates that the SR protein is critical for hepatocyte differentiation and glucose and lipid metabolism (47) . By contrast, SRSF1 plays an important role during functional remodeling in developing heart tissue by regulating the splicing of a restricted set of genes including Ca 2ϩ /calmodulin-dependent kinase II␦ (CaMKII␦) (48) . These findings demonstrate that the studies of the function and regulation of each individual SR protein are important for deciphering their unique biological roles in splicing and disease development. We hereby elucidated the phosphorylation mechanism of SRSF3 by SRPK2. Concurring with our previous findings, the current study demonstrated that the conserved docking groove of SRPK2 is also important for the interaction and phosphorylation of SRSF3. However, unlike previous observations for SRSF1, Tra2␤, and acinusS, in which phosphorylation occurs at a specific region or site, the phosphorylation sites in SRSF3 are distributed over the entire RS domain. In addition, whereas SRSF3 is also phosphorylated by SRPK2 in a C-to-N manner, the processivity of the reaction is lower than that of SRSF1 and is limited to the C-terminal half of the RS domain. This observation is consistent with our hypothesis that the presence of acidic residue(s) at the docking interface may lower processivity because SRSF3 contains 6 acid residues that locate intermittently along its RS domain, in contrast to the absence of acidic side chains in the SRSF1 RS domain.
Besides the kinase docking groove, the mechanism and content of phosphorylation of SRPK substrate is also regulated by structural elements in the substrate itself. For instance, an acidic region immediately preceding the docking motif of the SR-like protein acinusS prevents the substrate from sliding at the docking groove of SRPK2 and restricts the phosphorylation at a single specific site (20) . On the other hand, Serrano et al.
(23) demonstrated that the pseudo-RRM of SRSF1 is important for the directionality and content of phosphorylation. The interaction between an acidic cluster within the pseudo-RRM and the RS domain, in particular, prevents dephosphorylation of the RS domain by phosphatases, suggesting a novel role of SR protein pseudo-RRM in vivo. The same research team later found that the canonical RRM of SRSF1, which contains a putative PP1-binding motif, also plays a regulatory role during its RS domain dephosphorylation by interacting with and allosterically inhibiting PP1␥ (41). SRSF3 does not contain either structural element to protect its RS domain from dephosphorylation. Our finding that, after SRPK2 dissociation, SRSF3, but not SRSF1, underwent PP1␣-mediated dephosphorylation supports this notion. Nonetheless, we cannot rule out the possibility that the canonical RRM of SRSF3 may also play a role in dephosphorylation regulation, as we only observed a 30% decrease in phosphoryl content after PP1␣ treatment. It is important to note that the presence of pseudo-RRM of SRSF1(BD) did not prevent phospho-SRSF3 from dephosphorylation, indicating that the pseudo-RRM-mediated protection could be RS domain-specific.
Because SRSF3 was found to be hypophosphorylated in cells at steady state, our findings together suggest that the phosphoryl content of the SRSF3 RS domain after an SRPK-mediated event might be maintained by dynamic phosphorylation and dephosphorylation in vivo due to the lack of protection from the pseudo-RRM and PP1-binding motif. This contrasts with the phosphorylation of SRSF1 by SRPKs, in which the phosphoryl content appears to be regulated by a regiospecific phosphorylation mechanism and protection from both canonical and pseudo-RRMs. The aforementioned cluster of acidic residues that is important for SRSF1 phosphoryl-content protection is present in all pseudo-RRMs but not the canonical RRMs of SR proteins (23). We therefore propose that the regulatory mechanisms of phosphorylation observed in SRSF3 and SRSF1 may be applicable to all SR proteins that belong to the same subclass (i.e. the phosphoryl content of SR proteins containing two RRMs is protected from dephosphorylation, at least transiently, after an SRPK-mediated phosphorylation event, whereas members of the single-RRM subclass of SR proteins, due the lack of pseudo-RRM, may undergo an additional level of regulation where cellular phosphatases could reversibly regulate their subcellular/subnuclear localization and cellular activities) (Fig. 10) . Although we showed that the pseudo-RRM of SRSF1 did not interact stably with the hypophosphorylated RS domain, we cannot rule out that transient interaction between the two domains may shield the phosphorylated serines from the phosphatase active site. The pseudo-RRM, alternatively, may exhibit molecular chaperone-like function to facilitate the stable folding of the phosphorylated RS domain as predicted and prevent dephosphorylation (44, 45) . Intriguingly, the dissociation of the RS domain from the pseudo-RRM promotes PP1 binding, suggesting that the pseudo-RRM may potentially facilitate or stabilize the PP1-RRM interaction. Further mechanistic studies on the pseudo-RRMs of other SR proteins may help to elucidate their importance in the regulation of SR proteins and subsequently splicing.
The subcellular localization of SR proteins has been shown to be governed by a number of kinases, including SRPKs and CLKs. Whereas the nuclear kinase CLK1 phosphorylates SP dipeptides of the RS2 domain of SRSF1 to relocalize it from speckles to the nucleoplasm, it remains unclear how members of the SRPK family, which strongly prefer phosphorylation of
RS dipeptides, accomplish similar task when overexpressed in cells (49) . New light has been shed on this by two recent studies that show that SRPK1, after being localized to the nucleus, facilitates the dissociation of SRSF1 from the nuclear speckles by the formation of an SRPK1-CLK1 complex. The presence of SRPK1 facilitates the release of SRSF1 from CLK1 and enhances further phosphorylation of SP dipeptides, resulting in the mobilization of SRSF1 from nuclear speckles to nucleoplasm (50, 51) . In this study, we observed that SRPK2 also plays a role in the mobilization of SRSF3 from the speckles to nucleoplasm. Such activity depended on the presence of an intact substrate docking groove in the kinase, suggesting that the direct interaction or phosphorylation of SRSF3 by SRPK2 is important for its subnuclear localization. Whereas the nuclear localization of SRPK2 is stimulated by epidermal growth factor in a similar manner as SRPK1, there is no evidence that SRPK2 will interact with CLK inside the nucleus. Furthermore, whereas SP dipeptides are present in SRSF3, they are not concentrated at a specific region of the RS domain as in the case of SRSF1. Importantly, our findings also indicate that SRSF3 is not phosphorylated in a region-specific manner, suggesting that it might not follow the same SRPK-CLK phosphorylation pathway of SRSF1. Future studies focusing on the mechanism of phosphorylation of single RRM-containing SR proteins by CLK will help to resolve the unanswered questions.
We have recently entered a new era of understanding of eukaryotic pre-mRNA splicing due to the solving of multiple high-resolution cryo-EM structures of the spliceosome. These structural models of spliceosomes are captured at different steps of the splicing reaction and are obtained from different species, including Saccharomyces cerevisiae, Schizosaccharomyces pombe, and, most recently, humans, providing invaluable structural and mechanistic insights into the assembly and catalytic steps of the spliceosome. However, due to the highly dynamic nature of the spliceosome, these structures do not contain any members of the SR protein family, despite their essential roles in spliceosome assembly. Although the Ser/Argrelated nuclear matrix protein SRm300 is present in both cryo-EM structures of the C* complex, its RS domain cannot be located due to its flexibility (52, 53) . Therefore, how SR proteins interact with the pre-mRNA during splicing and how they are involved in the structural organization of the spliceosome remain ambiguous. Further analysis of the phosphorylation/ dephosphorylation mechanism of the RS domain using biochemical and biophysical methods, and structural studies using X-ray crystallography or NMR, may remain the major means of studying the regulation and function of individual SR proteins during splicing.
Experimental procedures
Protein expression and purification
Proteins of all SRPK2 and SRSF1 constructs were expressed and purified as described previously (11, 20) . WT and different truncation constructs of SRSF3 were cloned into BamHI and XhoI cut sites of a pET28a-GST vector, which was constructed 
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in our laboratory by inserting the gene of GSH S-transferase between the NdeI and BamHI cut sites of pET28a. Different SRSF3 expression constructs were transformed into BL21 (DE3) pLysS strain Escherichia coli. Large-scale cultures were grown at 37°C in Terrific Broth with 100 g/ml kanamycin and 50 g/ml chloramphenicol, respectively. Protein expression was induced with 0.4 mM isopropyl 1-thio-␤-D-galactopyranoside at 30°C for 5 h. Pelleted cells were lysed by sonication in 50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 10 mM imidazole, 15% glycerol, 2 mM phenylmethylsulfonyl fluoride, 3 mM benzamidine hydrochloride, and protease inhibitor mixture (Sigma-Aldrich). The soluble fraction was loaded onto a self-packed Ni-NTA affinity column (Qiagen); washed with 100 ml of lysis buffer and 100 ml of washing buffer (50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 60 mM imidazole, 15% glycerol), respectively; and then eluted by 20 ml of the buffer containing 200 mM imidazole. The eluate then was loaded onto a self-packed GST affinity column (GenScript) and washed with 30 ml of 50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 15% glycerol, and 1 mM DTT. Finally, the protein was eluted by 15 ml of the buffer containing 60 mM GSH. The eluate was dialyzed overnight against buffer containing 50 mM glycine, pH 9.5, 400 mM NaCl, 50 mM arginine, 50 mM glutamate, 1 mM DTT, and 15% glycerol. The dialysate was concentrated, frozen in liquid nitrogen, and stored at Ϫ80°C.
In vitro kinase assays of SRSF3 constructs
Purified kinase (1.5 M) and different SRSF3 constructs (0.5 M) were incubated in kinase reaction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 1 mg/ml BSA, and 10% glycerol) at room temperature for 15 min. The phosphorylation reaction was initiated by adding 100 M unlabeled ATP and 0.5 Ci of [ 32 P]ATP at 25°C. Reactions were quenched by the addition of Laemmli buffer and boiling at 98°C for 1 min. The reactions were resolved on a 12.5% polyacrylamide gel, which was subsequently dried on Whatman filter paper (GE Healthcare) and then exposed to autoradiography film (Fujifilm). To quantify the phosphorylation sites, bands of phosphorylated substrate were excised from the dried gel, dissolved in OptiPhase HiSafe 2 solution (PerkinElmer Life Sciences), and counted using a Beckman LS 6500 scintillation counter.
Processivity assays
No trap assay-300 nM of substrate was incubated with 1 M of SRPK2WT in kinase reaction buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 10 mM MgCl 2 , 1 mg/ml BSA, and 10% glycerol) at 25°C. Reactions were initiated by the addition of 100 M [ 32 P]ATP and then quenched by Laemmli buffer together with subsequent boiling at corresponding time points.
Start-trap assays-300 nM substrate was incubated with 1 M SRPK2WT in kinase reaction buffer at 25°C for 10 min. Phosphorylation was then initiated by the simultaneous addition of 100 M [ 32 P]ATP and 40 M SRPK2KD (trap). Reactions were finally quenched by Laemmli buffer and subsequent boiling at different time points.
Trap-start assays-300 nM substrate was preincubated with 40 M SRPK2KD in kinase reaction buffer at 25°C for 10 min. Phosphorylation was then initiated by the simultaneous addition of 100 M [
32 P]ATP and 1 M SRPK2WT. Reactions were finally quenched by Laemmli buffer and subsequent boiling at different time points. All reaction mixtures were analyzed by SDS-PAGE, followed by drying the gel and exposing it to autoradiography film. Phosphorylation content was determined by excising the corresponding bands and subjecting them to liquid scintillation counting.
ATP-dependent footprinting assays
250 nM substrate protein was incubated with 500 nM SRPK2WT, and the phosphorylation was performed as described above for 15 min, except that the reactions were initiated by adding varying amounts of [ 32 P]ATP (0.5 and 100 M, respectively). Sample proteolysis was then carried out through the addition of 100 ng of Lys-C (Promega) in digestion buffer (50 mM Tris-HCl, pH 8.5, 2 mM EDTA) and allowed to incubate for 4 h at 37°C. Reactions were loaded onto a 18% SDS gel, dried, and exposed to an imaging plate (Fujifilm). Results were scanned by the multipurpose image scanner FLA-9000 (Fujifilm), and the intensities of corresponding bands were quantified by Multi Gauge version 3.2 software.
MST analysis
MST measurements were performed using Monolith NT.115 with the Pico RED detector. Before labeling the target protein SRSF3WT, buffer was exchanged to the MST buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 0.05% Tween 20) with Zeba TM Spin desalting columns (Thermo Fisher Scientific). SRSF3WT was then labeled using the Monolith TM protein labeling kit RED-NHS (NanoTemper Technologies) according to the manufacturer's instructions in the supplied labeling buffer. Labeled SRSF3WT was diluted to the indicated concentration and was mixed to 16 serially diluted titrations of the unlabeled ligand (one of the SRPK constructs) in a 1:1 volume ratio. The complexes were then loaded into NT.115 standard treated capillaries (NanoTemper Technologies) for binding measurements. Data were analyzed using MO.Affinity Analysis software (NanoTemper Technologies) at the standard MST-on time of 5 s.
Pulldown assays of SRSF3 with SRPK2
GST-His-tagged SRSF3WT and its variants (600 nM) were incubated with untagged SRPK2WT (900 nM), 1 mM ATP, and 2 mM MgCl 2 in 300 l of binding buffer (GST pulldown assays: 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM DTT, 1% Triton X-100; Ni-NTA pulldown assays: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM imidazole, 1% Triton X-100) for 1 h at 4°C. 30 l of GSH-agarose (GenScript) or Ni-NTA resins (Qiagen) was then added to the mixture and allowed to incubate for 1 h at 4°C. Afterward, the resins were washed three times with 350 l of binding buffer. Laemmli buffer was added to the resins and boiled for 5 min at 98°C to elute the bound protein. Samples were resolved by SDS-PAGE (15% gel) and visualized by Coomassie Blue staining.
Phosphorylation state of SRSF3
HEK293 cells were proliferated at log phase and seeded in 6-well plates for 24 h before transfection. Cells were then transfected with 2 g of plasmid of Myc-tagged SRSF3 constructs
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per well for 24 h and were lysed on ice with radioimmune precipitation buffer (Cell Signaling Technology). Cell lysates were then evenly divided into three groups: an untreated group, a SRPK2-treated group, and a CIP-treated group. The SRPK2-treated group was incubated with 5 mM SRPK2WT in the presence of 1 mM ATP and 2 mM MgCl 2 for 15 min at 25°C, the CIP-treated group was incubated with 2 l of alkaline phosphatase, calf intestinal (New England Biolabs) for 2 h at 37°C. The Myc-tagged SRSF3 constructs were detected by Western blotting using ␣-Myc antibodies.
SR protein dephosphorylation
1 M SRSF1 or SRSF3 was incubated with 100 nM SRPK2 in kinase reaction buffer (100 mM Mops, pH 7.4, 50 mM Hepes, 100 mM NaCl, 2 mM DTT, 0.01% Tween 20, 1 mM MnCl 2 , 10 mM MgCl 2 , and 5 mg/ml BSA) at 25°C, with or without 300 nM PP1␣ phosphatase (Abcam). Afterwards, 25 M unlabeled ATP and 0.5 Ci of [ 32 P]ATP was added and allowed to react for 5 min. Reactions were quenched by the addition of SDS-PAGE loading buffer and boiling at 98°C for 1 min and were resolved on a 12.5% polyacrylamide gel, which was subsequently dried on Whatman filter paper (GE Healthcare). Results were scanned by multipurpose image scanner FLA-9000 (Fujifilm), and the intensity of corresponding bands was quantified by Multi Gauge version 3.2 software.
Phosphatase treatment of phosphorylated SR proteins with SRSF1(BD)
1 M SRSF1 or SRSF3 was incubated with 100 nM SRPK2 in kinase reaction buffer at 25°C for 5 min, in the presence of 25 M unlabeled ATP and 0.5 Ci of [ 32 P]ATP. Reactions were stopped by removing ATP using Zeba TM spin desalting columns (Thermo Fisher Scientific) and the addition of the SRPK inhibitor SRPIN340. 300 nM PP1␣ phosphatase was then added to dephosphorylate substrates at 37°C for 5, 15, or 30 min with or without 400 nM SRSF1(BD) (residues 105-226). Reactions were quenched by the addition of Laemmli buffer and boiling at 98°C for 1 min and were resolved on a 12.5% polyacrylamide gel, which was subsequently dried on Whatman filter paper. Results were scanned by multipurpose image scanner FLA-9000, and the intensity of corresponding bands was quantified by Multi Gauge version 3.2 software.
Radioactive pulldown assay
GST-tagged full-length SRSF1 (10 M) was phosphorylated by SRPK2 (0.5 M) with 500 M [␥-32 P]ATP and kinase buffer (80 mM NaCl, 50 mM Tris, pH 7.5, 10 mM MgCl 2 , and 2% glycerol). After a 5-min incubation at room temperature, 15 mM EDTA was added to the reaction to stop further phosphorylation. The samples were added into a desalting column along with nickel beads to remove EDTA and His-tagged SRPK2. Lys-C enzyme (Promega) was added to the supernatant to digest p-SRSF1, leaving only the phosphorylated RS domain of SRSF1 intact. Benzamidine (2 mM) and phenylmethylsulfonyl fluoride (10 mM) were added to inhibit Lys-C activity after an overnight incubation at 37°C. His-tagged SRSF1(pRRM) (10 M) and nickel beads were incubated with the digested fraction in a binding buffer (0.1% Nonidet P-40, 50 mM Tris (pH 7.5), 75 mM NaCl, and 5 mM imidazole). After 1 h at room temperature, the resin was washed four times with 200 l of binding buffer, and SDS dye was added to the resin and boiled for 5 min. The samples were run on a 15% Tricine gel. Dried gels were then exposed with X-ray film (FUJIFILM).
Cell culture and transfection
Dulbecco's modified Eagle's medium with 10% FBS and 1% penicillin and streptomycin were used to grow HEK293 and HEK(K2X) cells. SRPK2WT/DM and SRSF3 were transfected using Lipofectamine LTX (Life Technologies, Inc., product no. 15338030) following the manufacturer's protocol. After a 48-h transfection, cells were fixed for image analysis.
Immunofluorescence staining and immunofluorescence imaging analysis
Transfected HEK293 and HEK(K2X) cells were cultured on glass coverslips. Cells were fixed with 3.7% formaldehyde for 10 min, washed three times with PBS, and permeabilized with PBS-T (PBS with 1% BSA and 0.3% Triton X-100) for 3 min. Cells were then incubated in anti-FLAG rabbit antibody (Sigma, product no. F7425-2MG) and anti-Myc(9B11) mouse antibody (Cell Signaling, product no. 2278S) in PBS with 1% BSA overnight at 4°C. The next day, cells were washed three times with PBS-BSA and then incubated in Alexa 594 rabbit secondary antibody (Invitrogen, product no. 21207) and Alexa 488 mouse secondary antibody (Invitrogen, product no. A21202) for 3 h at room temperature. The cells were then washed and mounted onto microscope slides. The samples were examined with a Nikon NI-U upright fluorescence microscope.
Statistical analysis
All data are presented as the mean Ϯ S.D. of three independent experiments. Statistical analysis was performed using the unpaired Student's t test, and the calculated p values are indicated in the figure legends. A p value of Ͻ0.05 was considered statistically significant. 
